Abstract Bone repair is a complicated process that includes many types of cells, signaling molecules, and growth factors.
Introduction
Bone regeneration is critical for the maintenance of mobility since injury to the skeleton occurs in the majority of people at some point during their lives. In addition, many current treatments for degenerative diseases of the musculoskeletal system, including spine fusions and total joint arthroplasty, require regeneration of bone tissue. Although scar is a common aspect of the healing of many tissues, the unique mechanical properties of bone make it essential that the process of bone formation is faithfully completed for the reconstitution of skeletal integrity. The incidence of fractures is increasing worldwide due to increasing urbanization of the population, increased numbers of motor vehicles, and aging of the population. Approximate 4.1 % of the UK population has a bone fracture each year [1] . By middle age 50 % of men in the UK population have experienced a bone fracture. By age 75, 40 % of the women in the UK experience a fracture [1] . In the French population the lifetime risk of sustaining a hip fracture in the population over 50 years of age is 10 % for men and 30 % for women [2] . A recent examination of childhood cancer survivors and siblings in the United States estimated that 40 % of the U.S. population sustains one or more fractures during their lifetimes [3] .
Although most bone fractures heal, approximately 10 %-15 % have delayed union or non-union. Impaired healing is associated with aging, certain diseases (diabetes, obesity), environmental factors (smoking), and yet to be defined genetic factors [4] [5] [6] . Local factors are also critically important. Fracture healing is more often compromised at skeletal sites with a reduced soft tissue envelope [7, 8] . Increasing severity of injury to the surrounding muscle and soft tissues is highly associated with the development of nonunion [8, 9] . Given the clear importance of the soft tissue envelope, it is essential that improved understanding of the role of muscle tissues in skeletal regeneration be gained. also involves injury to surrounding muscle, tendon, vascular structures, nerves, and other soft tissues. The initial events involve formation of a hematoma and local inflammation. An early and essential aspect is the recruitment, proliferation, and accumulation of stem cells with development of a soft callus [11•, 12] . During the hard callus phase of fracture healing the tissues become vascularized with calcification of cartilage and ossification of newly formed bone. The final phase of fracture healing involves remodeling. In fracture healing the rapidly formed fracture callus and bone that restores skeletal integrity is disorganized [10] . During the remodeling process, the disorganized bone is removed and replaced by mature lamellar bone.
Fracture healing occurs through both endochondral ossification and intramembranous ossification [11•] . In endochondral ossification, stem cells undergo chondrogenesis and form a cartilage intermediate. Chondrocytes in the cartilage callus differentiate into mature, calcified cartilage that acts as a template for bone formation and stimulates angiogenesis. In intramembranous ossification, osteoblasts differentiate directly from stem cell precursors and bone forms primarily in the absence of a cartilage template [11•] . While occurring simultaneously in fracture healing, intramembranous ossification localizes along the periosteal surface adjacent to the fracture site in areas with less vascular compromise [12] . In contrast endochondral ossification occurs directly over the fracture site where blood supply is most compromised and where hypoxia is maximal [11•] . In bones that are rigidly fixed with plates and screws, fractures heal primarily through intramembranous ossification and have an overall reduction in fracture callus volume [13] .
Molecular, Cellular and Tissue Events in Fracture Healing
The primary event in the process of bone repair involves stem cell recruitment, proliferation, expansion, and accumulation at the fracture site [11•, 12] . Given the importance of these initial events, an active area of ongoing research involves defining the sources of stem cells, their relative contributions, and the signals regulating their expansion and differentiation in fracture healing [11•] . Potential sources of stem cell progenitors include bone marrow stem cells (BMSCs), periosteumderived stem cells (PDSCs), systemic circulation-derived stem cells (CDSCs), vascular endothelium-derived pericytes (VEDPs), and muscle-derived stem cells (MDSCs), (Fig. 1 ) [14, 15, 16••, 17, 18•, 19] .
Although evidence suggests that stem cells from all of these sources contribute to repair, periosteal tissues appear to be the primary source of cells [11•, 19] . Injury to the periosteum results in non-union in pre-clinical models of fracture healing. Furthermore, cell lineage tracing studies demonstrate an essential role for PDSCs, or bone lining cells in the initial accumulation of the precursor cell pool necessary to initiate the healing response [14, 19] . The periosteum has two anatomic layers, the cambium layer and the fibrous layer [12, 20] . The cambium layer is directly opposed to the bone and is a rich repository of mesenchymal progenitor cells [12, 20] . Cells in the cambium layer undergo both chondrocyte and osteoblast differentiation [14] . Children have a thick periosteum with an enriched population of mesenchymal stem cells [12] . Children rarely have fracture non-union, even in cases of severe soft tissue injury [21] .
Bone marrow stem cells (BMSCs) appear to have a lesser role in the development of the external callus tissue, but are likely involved in the endosteal repair process [22] . Systemic-derived stem cells (SDSCs) are recruited to sites of injury but represent a relatively small population of cells [23] . SDSCs likely influence bone repair by secretion of paracrine factors, rather than by direct contribution of cells to the tissue healing response [23] . Vascular endotheliumderived progenitors (VEDPs) are likely highly involved in the more organized bone formation that secondarily occurs during the remodeling process [24•] . Although little is known about the direct role of muscle-derived stem cells (MDSCs) in bone repair, recent advances provide additional insight.
Muscle as a Component of Fracture Healing
Adults with extensive soft tissue injury have reduced healing potential. Although this could be secondary to increased periosteal injury, it is clear that muscle tissues themselves have a role in promoting healing. A recent study reviewed 16 prior publications involving tibia fractures and found that the delayed/non-union rate was 55 % in patients that had an associated compartment syndrome in contrast to an 18 % rate in tibia fractures without compartment syndrome [25] .
Muscle influences fracture healing by promoting revascularization, by providing a source of osteogenic growth factors, and as a potential source of stem cells [26] . A rat model of open tibia fracture healing used a Polytetra-fluoroethylene (PTFE) membrane to selectively block contact with either muscle tissues or fasciocutaneous tissues at the bone fracture site. Selectively blocking the fasciocutaneous tissues that are located in the anterior aspect of the leg resulted in essentially normal fracture healing. However, when the PTFE membrane barrier prevented contact of bone with adjacent muscle tissues located in the posterior aspect of the leg, fracture healing was markedly compromised [27] . A recent publication showed that short-term atrophy of the quadriceps muscle secondary to botulinum toxin A toxin results in impaired healing of femur fractures in rats [28••] . In patients with fractures and severe soft tissue injury, muscle flaps have prevented serious infections and reduced non-union, and have made limb salvage possible in many cases [29] [30] [31] .
Muscle as a Source of Stem Cells for Bone Healing
Clinical observations have demonstrated the potential of muscle tissue to participate directly in bone formation. Soft tissue injury sometimes results in ectopic bone formation within muscle [17, 32] . During ectopic ossification stem cells in muscle proliferate and differentiate into cartilage and bone cells [15] . The bone formation results in angiogenesis, bone remodeling, and the formation of marrow elements within the ectopic bone. Fibrodysplasia ossificans progressiva is a rare disorder in which mild trauma leads to progressive ectopic bone formation in muscle [33] . Genetic approaches have defined an activating mutation of the BMPreceptor (ALK2; activin type I receptor) as the somatic gene mutation responsible for this condition [33] . One of the characteristic features of the BMP proteins that aided in their early discovery and identification is their ability to induce bone formation in muscle tissue [34] . Thus, cells in muscle clearly have the potential to undergo differentiation into bone cells under the appropriate conditions and signals.
Although study of lineage tracing of muscle derived stem cells is limited, available data suggest that MDSC populations are not typically involved in the bone repair except in the setting of extensive injury to the periosteum where they may become an important, or possibly a primary source of progenitor cells. A recent study in mice used an elegant cell lineage tracing approach to define the participation of muscle cells in healing fracture callus [ It has recently been established that signals generated from injured bone act as paracrine factors to stimulate muscle stem Fig. 1 Populations of stem cells involved in fracture repair. Osteoprogenitor cells are derived from both skeletal and non-skeletal sites. Periosteum is a major source of cells in bone repair. Secondary bone remodeling requires angiogenesis and involves the participation of vascularderived stem cell populations (pericytes). Muscle-derived stem cells have an increased role in the setting of extensive soft tissue damage cells to undergo osteoblast differentiation [36••] . These studies also used a murine model of fracture healing with injury to the periosteum. Muscle cells isolated from the region of the fracture after 3 days undergo spontaneous osteoblast differentiation and form bone nodules in cell culture. In contrast fasciocutaneous cells and muscle stem cells isolated from periosteum stripped bone without fracture do not undergo osteoblast differentiation [36••] . Subsequent experiments showed that (1) human bone fracture fragments in organ culture stimulate muscle stem cells to undergo osteoblast differentiation; (2) release the growth factors BMP-2, -4, and −7 and TGF-beta and the cytokines TNF-alpha, IL-1, and IL-6 into organ culture medium; and (3) that while inhibition of the BMPs and TGF-beta has no effect, neutralizing antibodies to both TNF-alpha and IL-6 block muscle stem cells osteogenesis in human bone fracture fragment organ culture [36••] . Finally, the authors showed that delivery of TNF-alpha to bone fractures with periosteal injury promoted healing. In contrast, anti-TNF-alpha treatment prevented fracture healing in mice with periosteal injury [36••] .
Lean Muscle Mass and Bone Health
Sarcopenia, or muscle wasting, is an important consequence of the aging process. The gradual loss of muscle mass and decrease in strength results in a functional decline and increased likelihood of accidents and falls [37] . Bone densitometry studies show that the risk of low bone mass is increased with sarcopenia [38•, 39•] . Recent gene wide association studies suggest that the phenotypic features of appendicular lean muscle mass and bone size phenotypes are co-regulated by multiple genes [40] .
Because of the importance of lean muscle mass and its association with bone metabolism, anabolic agents to reduce sarcopenia and to increase bone mass are being considered as potential therapies [41, 42] . With aging there is a reduction in the systemic levels of growth hormone and reduced localized IGF-I production in muscle tissues [43] . Similarly, there is a reduction in testosterone production and estrogens in women with aging [43, 44] . Hemodialysis patients develop sarcopenia and have reduced bone mass. In a placebocontrolled clinical trial the administration of the anabolic steroid oxymetholone to hemodialysis patients was associated with a reduction in fat and an increase in lean muscle mass, handgrip strength, and the expression of muscle related genes [42] . A double-blinded placebo-controlled study showed that administration of a non-steroidal selective androgen receptor modulator (SARM) with tissue-selective anabolic effects in muscle and bone (GTx-024; enobosarm) resulted in significant increases in lean muscle mass and physical function in both men and women [41] .
Conclusions
Muscle and the skeleton are intimately linked and both are necessary for locomotion and normal physical function. Injury to either tissue compromises physical function. Each tissue contains stem cell populations that participate in tissue repair and regeneration. Recent studies demonstrate that muscle-derived stem cells participate in bone repair, particularly in cases in which there is extensive periosteal injury. Similarly, bone fractures secrete cytokines and growth factors that influence muscle-derived stem cells and stimulate their differentiation into bone and cartilage tissues. There is a strong association between lean muscle mass and bone mass, and GWAS studies suggest that multiple genes coregulate both muscle and bone mass. Preliminary studies suggest that anabolic agents for muscle improve physical function in the elderly and reduce the risk of fracture. More complete understanding of muscle-bone interactions will enable new therapies to reduce the morbidity of aging.
